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e The atomistic interface structure between [-FeSiy/Si(001) substrate
has been determined via STEM observations and DFT calculations.

e A high quality single crystalline g-FeSi, film was epitaxialy grown on
Si(001) substrate.

e The (-FeSiy(100) plane is bonded to the Si(001) plane with two Si
dimers per unit cell.

e DEF'T band calculations suggest two dimensional metallic electronic
states at the the §-FeSiy/Si(001) interface.
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Abstract

The atomistic interface structure between (-FeSi, and Si substrate was in-
vestigated by cross-sectional scanning transmission electron microscopy and
density functional theory calculations (DFT). A high quality single crys-
talline S-FeSi, film was epitaxialy grown on Si(001) substrate. We demon-
strate that the 8-FeSiz(100) plane is bonded to the Si(001) plane with two Si
dimers per unit cell. With such interface structure, DF'T band calculations
reveal that metallic electronic states are localized at the interface. This find-
ing implies the presence of two dimensional electronic states at the interface
of -FeSiy/Si(001), which may have potential applications in silicon-based
electronic devices.
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1. Introduction

B-iron silicide (f-FeSiy) is a promising semiconducting material for light-
emitting diode (LED) applications integrated into silicon electronic devices.
Since the light emitting property at wavelength of 1.5 um, relevant to optical
fiber communication, was reported [1], significant efforts have been devoted
to realizing infrared LEDs using this silicon-based material.[2, 3, 4, 5, 6, 7,
8, 9, 10] For the fabrication of these devices, Si(001) or Si(111) substrate
is typically employed to grow [-FeSiy for integration with silicon electronic
devices. These substrates also serve as a beneficial source of silicon. It is
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critical to grow a continuous epitaxial -FeSi, film due to its superior emission
performance compared to 8-FeSiy nano-particles buried in Si. [11, 12]

Si and [-FeSiy exhibit compatible lattice constants, facilitating the epi-
taxial growth of 5-FeSis on a Si wafer. [-FeSiy possesses an orthorhombic
unit cell with dimensions of a = 0.986 nm, b = 0.779 nm, and ¢ = 7.83 nm.
[13] When using a Si(001) substrate, which is prevalent in the electronic de-
vice industry, the (100) plane of §-FeSiy is grown with azimuthal orientations
rotated by 45° relative to the substrate surface normal (Fig. 1). Despite the
good crystallographic match between (§-FeSi, and Si(001), small strains are
anticipated along the b and ¢ axis of 8-FeSi,, amounting to 1.4% and 2.0%,
respectively. While §-FeSiy tends to form islands on the Si(001) substrate
at high growth temperatures (at 700°C or above), [14] a flat and continu-
ous epitaxial film can be achieved by employing a lower growth temperature
(~470°C). [15, 16, 17] This thin film has been utilized as a template for the
subsequent growth of thicker continuous films. [18, 19, 20]

The performance of -FeSi; LEDs remains unsatisfactory for practical
applications. One proposed reason for this is the low quantum efficiencies
for electroluminescence, which is attributed to non-radiative recombination
through defects at the §-FeSiy/Si interface. [12] Additionally, the interface
morphology may affect photoluminescence. [21] Furthermore, the thin epi-
taxial film of fB-FeSiy directly grown on the Si(001) substrate at low tem-
perature (~470°C) exhibits a intriguing feature of an undulating surface
without steps. [16, 17] The mechanism of formation and stress relaxation
of such a membrane are not well understood. Therefore, detailed knowledge
of the atomistic interface structure between [-FeSiy/Si(001) is essential for
addressing these issues, as well as for controlling epitaxial growth and man-
aging strains induced in the film. However, the interface structure between
B-FeSiy /Si(001) has not yet been identified.

In this paper, we elucidate the atomistic structure of the S-FeSiy/Si(001)
interface based on observations made using cross-sectional scanning trans-
mission electron microscopy (STEM), supported by density functional theory
(DFT) calculations. The detailed characterization of the interface structure
promoted us to calculate its electronic structure. Consequently, we deter-
mined that the electronic property of the interface is metallic, characterized
by two bands crossing the Fermi level. This finding suggests the realization
of a two-dimensional (2D) electronic state at the interface of S-FeSiy/Si(001).



2. Methods

2.1. Ezperiment

The preparation of the thin [-FeSi; was conducted in an ultrahigh vac-
uum (UHV) chamber with a base pressure of 5 x 107 Pa. A Si(001) sub-
strate (n-type, resistivity: ~ 0.01 Qcm) was flashed to 1100 °C for 10 seconds
to obtain a clean surface after overnight degassing. A thin film of §-FeSisy
was grown by depositing iron at a controlled deposition rate of 0.006 A /s
from a high-purity iron rod (99.995 %) onto the clean Si(001) surface sub-
strate at room temperature, followed by annealing to 430 °C for 30 minutes.
The crystallinity of the film surface was confirmed using scanning tunneling
microscopy (STM) (Unisoku USM-1200). Following STM observation, the
B-FeSiy surface was capped with amorphous silicon (~10 nm thick, deposi-
tion rate: ~0.014 A/s) in the UHV chamber to protect the film from an air
exposure during transport. Subsequently, the sample was cut into a small
piece and thinned by a focused ion beam. The -FeSiy/Si(100) interface was
examined using STEM (JEOL JEM-ARM200F) operated at 200 kV.

2.2. Computation

The [-FeSiy/Si(001) interface was modeled by a slab consisting of three
unit layers of $-FeSiy and 21 Si atomic layers (Fig. S1 in the supplemen-
tary material). The top layer of [-FeSi, and the bottom layer of silicon
were terminated with pseudo-hydrogen atoms (charge = 1.5) [22] and hy-
drogen atoms (charge = 1.0), respectively. Prior to STEM simulation and
band calculations, structural optimizations of the slab were conducted by the
VASP code [23, 24] with planewave basis sets (cutoff energy: 500 eV) and the
Perdew-Burke-Ernzerhof exchange correlation [25] until forces were reduced
to less than 0.01 eV/A. A 8 x 8 x 1 or 22 x 22 x 1 Monkhorst-Pack k-point
mesh sampling [26] was adopted for the structural optimizations or electronic
calculations, respectively. STEM image simulations were conducted by the
multislice method using the xHREM software (HREM Research Inc.), based
on structure models obtained from the structural optimization of the slab
model.

3. RESULTS AND DISCUSSION

Initially, the quality of a [-FeSiy film grown on a Si(001) substrate was
confirmed by STM. The surface of the -FeSi, film exhibits undulations along



the [100] and [010] crystallographic directions, forming interconnected patchy
features with variations in the image contrast and dimension spanning sev-
eral nanometers (Fig. 2). The height variation over the image is a root-mean
square (RMS) of 0.11 nm. Notably, this surface of the $-FeSiy film does not
exhibit stepped or polycrystalline characteristics, but rather forms a contin-
uous surface. The surface is terminated with Si tetramers, which appear as a
p(2 x 2) structure in the STM images, [16, 17] as shown in the inset of Fig.
2. This superstructure covers the surface continuously and uninterruptedly,
even over regions that appear to have different heights in STM [Fig. S3 in
the supplementary material]. These observations suggest that the [-FeSiy
film cover the stepped Si substrate similarly to how a carpet covers stairs.

After the STM observation, the [-FeSi, film was capped by amorphous
Si and its cross section was examined using STEM. In the low magnification
image [Fig. 3(a)], the layer with the brightest contrast corresponds to the
[-FeSiy film, which is situated between the Si substrate and Si capping layer.
The STEM survey was conducted at multiple locations to confirm that the
[-FeSi, film is a continuous single crystal. The film exhibits three different
thicknesses: 1.0, 1.5 and 2.0 nm, which respectively correspond to 1, 1.5 and
2 unit layer of 5-FeSiy along the [001] crystal orientation (@ = 0.986 nm).

At higher magnification, atomic arrangements in both the S-FeSi, film
and the Si substrate are resolved [Fig. 3(b)]. This observation revealed that
the relative configuration between [-FeSi, and Si substrate lattice remains
constant across more than 30 lattice periods in all examined crystallographic
orientations, including [110], [110], and [010] of Si [Fig. 3(b)]. These finding
indicate that the commensurate epitaxial growth of the [-FeSiy is achieved
on the Si(001) surface within this narrow thickness range. To enable this
commensurate growth, the lattice mismatches should be compensated by
elastic strains of 1.4% in the b axis and 2.0% in the ¢ axis of S-FeSi;. Such
commensurate growth is typically observed in thin layers of semiconductor
heteroepitaxy even in the presence of a lattice mismatch between the growth
layer and substrate. [27]

The film thickness of the [-FeSiy appears to be regulated at the inter-
face with the silicon substrate, while maintaining a flat surface. Figure 3(c)
demonstrates the film thickness varies from one unit cell thick (@) to 1.5
times that at the interface with the substrate. If a step forms on the top-
most surface, its height should be a multiple of half the length of a (~0.5
nm). However, the STM image in Fig. 2 exhibits a RMS height variation of
only 0.11 nm, which is not due to the presence of steps. The STM profile in
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Fig. 2 shows smooth height changes across the surface. Although the STM
image contrast reflects both the electronic and physical heights, it is cur-
rently unknown which effect predominates in the STM image. In either case,
it should be ascribed to strain included within the 8-FeSiy film. The surface
height variation of 0.1 to 0.15 nm in the STM images (Fig. 2 and Fig. S3)
closely matches the interplanar spacing of Si (0.136 nm) along the [001] di-
rection. This suggests that the observed surface ripples are likely induced by
the stepped structure of the substrate beneath the [-FeSi; membrane. We
hypothesize that the patchy structure observed in the STM image results
from alternating patches of single-crystal S-FeSis, each patch rotated by 90°,
which together form a continuous film. The lattice constants of the §-FeSi,
unit cell differ between along the b- and c-axes, but the unit cell contracts to
twice the lattice constant of Si(001), making the crystal symmetry equivalent
along the b- and c- axes, except for the Fel, Sil and Si4 layers, as labeled in
Fig. 1. While minor rearrangement in the atomic positions is required within
these layers, it is possible to connect adjacent patches rotated by 90° relative
to each other without breaking crystal symmetry. When two patches of (-
FeSiy oriented along b-axis and c-axis are connected, with two Si substrate
lattices aligned and atomic positions adjusted to ensure a smooth transition
between the respective layers, a net surface height variation of approximately
0.1 nm is expected. This variation, caused by the relative shift of one atomic
layer in the crystal symmetry of Si substrate between the (110) and (110)
planes, is consistent with the features observed in the STM images. More-
over, while the connection of rotated patches likely induces strain within the
membrane, the overall stain should be minimized compared to a structure
without patch rotations. However, this scenario remains hypothetical, and
further investigations are necessary to confirm the structural characteristics
of the thin g-FeSi, film grown on Si(001).

In contrast to our results, Takemoto et al. recently reported that (-
FeSiy grown on a Si(001) substrate with a low anneal temperature (450 °C),
similar to our sample in the present study, exhibited minimal strain (0%
and -0.3% in the b and c axis, respectively), based on the results of X-ray
diffraction analyses. [28] They also observed a lattice mismatch between
p-FeSiy and Si(001) substrate occurring every 20 periods of the Si lattice, a
phenomenon is not observed in our study. To explain this small strain in their
study, they postulated the existence of an interface layer to accommodate a
weak interaction between the S-FeSiy and Si(001) substrate. To address the
atomistic structure at the interface, we conducted higher resolution STEM



observations.

The left panels in Fig. 4 show experimental STEM images of the (-
FeSiy /Si(001) interface at three distinct cross-sectional Si planes : (110),
(110), and (100). Within the (110) and (110) planes, the appearance of j3-
FeSiy thin film, characterized by alternating vertical and horizontal ovals,
is equivalent except the interface. In contrast, within the (100) plane, the
atomic arrangement exhibits two discernible types cf contrast and a higher
degree of packing compared to the other orientations. These observed fea-
tures can be elucidated by considering the bulk structure of f-FeSis. Sim-
ulated STEM images, illustrated in the middle panel of Fig. 4, utilizing a
slab model of 8-FeSi,/Si(001) (depicted in the right panel of Fig. 4), demon-
strated a noteworthy agreement with the experimental counterparts in terms
of both Fe and Si atom configuration and contrast. These observation re-
sults are the evidence for the growth of the 5-FeSiy thin film. Note that the
TEM image presented by Takemoto et al. [28] does not align with any of the
aforementioned images of S-FeSiy in Fig. 4, but rather looks similar to the
TEM image of ~-FeSiy reported by Nissen et al. [29]

A further discussion focuses on the interface structure. We have exam-
ined several different structural models for the layer denoted as Si0 in Fig. 4.
The structural model provided in Fig. 4 yields the best match between ex-
perimental and simulated images and also provides the lowest energy among
tested models. [30] The characteristic feature of this interface structure is
that 5-FeSi, is stacked on dimers of Si atoms (bond length = 2.51 A) located
in the Si0 layer. The detailed atom’s coordinates at the interface can be
found in Fig. S2 and Table S1 in the supplementary material.

Utilizing the interface model represented in Fig. 4, we calculated its
electronic structure. The bands indicated by red dots displayed in Fig. 5
are predominantly localized over Fe atoms in the Fel interface layer. These
bands originate from the 3d orbitals of the Fe atoms and the 2p orbitals of Si
dimers (Fig. S7 in the supplementary material). The corresponding charge
density maps are found in Fig. S5 in the supplementary material. These
bands are dispersive within the plane parallel to the interface, with two of
them crossing the Fermi energy. This observation yields an estimated carrier
density of 1.46 x 10 cm~2. The plot of these bands around the Fermi level
within the first Brillouin zone (BZ) reveals a 2D character (Fig. 6). Since
these bands appear within the bulk band gaps of both 3-FeSi; and Si, carrier
transport is expected to occur along the interface. Based on the analysis of
PDOS (Fig. S6 in the supplementary material), the states associated with

6



these bands decay to 46% in the Fe2 layer and further diminished to 6% in the
Fe3 layer. Therefore, even with the presence of a faceted interface geometry,
with a height of approximately half unit cell (~5 A) as shown in Fig. 3(c), the
metallic properties are expected to persist. On the other hand, the shapes of
the bands in the first BZ near the Fermi energy vary considerably with energy.
Consequently, fluctuations in the Fermi energy, due to doping conditions in
the substrate or the 8-FeSiy film and other factors, can significantly alter the
transport properties. We also conducted spin-polarized calculation, resulting
in spin-polarized bands for interface (Fig. S9 in the supplementary material).
However, since energy gain due to spin-polarized calculation is only 33 meV,
spin-polarized transport may be not achieved by thermal smearing at room
temperature.

4. Conclusion

We unambiguously determined the atomistic interface structure of (-
FeSi, /Si(001) epitaxially grown on a Si(001) substrate based on cross-sectional
STEM observations and DFT calculations. The (001) planes of S-FeSi; and
Si bond to each other with two Si dimers per unit cell of g-FeSi;. For the
[-FeSi, thicknesses used in this study, commensurate epitaxial growth of
[-FeSi, and defect-free interface were achieved. Additionally, surface undu-
lations observed by STM indicate that the §-FeSi, thin film is strained. The
formation mechanism of the carpet-like film remains an open question for fu-
ture study. Furthermore, DFT band calculation revealed metallic electronic
states at the interface, suggesting that the 5-FeSiy/Si(001) interface could be
a new 2D material.

2D materials, such as graphene, MXenes, transitional metal dichalco-
genide monolayers, generally refers to single-layer material, require a het-
erostructure to decouple from a substrate and environment, enabling the use
of their intrinsic properties. Using an insulator such as hexagonal boron ni-
trite can protect their 2D properties both electronically and chemically. The
2D system realized at the [-FeSip/Si(001) interface is inherently protected
by these materials. Experimental verification of the properties of this new
material through transport measurement is necessary.
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Figure 1: Stick-and-ball models for the unit cell of 8-FeSis and Si(001) substrate.
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Position (nm)

Figure 2: STM image of a 3-FeSi, film grown on a Si(001) substrate. Imaging parameters:
sample bias of -1.5 V, tunneling current of 3pA, and sample temperature of 4.3 K, The
image dimensions are 70 x 50 nm?, Inset: Sample bias of -1.0 V, tunneling current of 0.1
nA, and image dimensions of 10 x 10 nm?, The bottom graph presents a cross-sectional
profile along the indicated line in the STM image.
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(a)

Capping Si layer

Si substrate

Figure 3: Cross-sectional STEM image of a §-FeSis film grown on a Si(001) substrate.
Horizontal image dimensions: (a) 65.7 nm, (b) 13.5 nm, (¢) 6.5 nm. Red lines drawn in
(b) and (c) serve as a visual guide to identify the commensurate configuration between
the B-FeSiy and Si lattices and the interface, respectively.
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Figure 4: Experimental and simulated STEM images (Left and Middle) and structural
model (Right) of the 5-FeSis/Si(001) interface.
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Figure 5: Band diagram projected onto the (001) plane and PDOS of the 8-FeSis/Si(001)
interface. The bands represented by red, orange, and black dots originate from the interface
of B8-FeSi»/Si(001), bulk 8-FeSis, and bulk Si, respectively. The bands represented by blue
dots corresponds to the top most Si atoms of the slab, which are terminated with pseudo-H
atoms. These assignments were performed by examining the charge density distribution
of each eigenvalues within the slab. The bands depicted in black lines have not been
examined for their origin. (Inset) The notation of the BZ is consistent with that used for
the Si(001) surface.
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Figure 6: Contour maps for the 8-FeSiy/Si(001) interface bands within the first Brillouin
zone at various energies around the Fermi level. The red lines represents the bands for the
interface states, while the blue dashed circles denotes the bands for the topmost surface
silicon atoms terminated by pseud-hydrogen atoms of the slab.



